Cadmium (Cd) is a widespread environmental toxicant of increasing importance because of its extensive use in various anthropogenic and industrial activities.^[@bib1]^ It is absorbed in significant quantities from cigarette smoke, food, water and air contamination and is known to have numerous undesirable effects on both humans and animals.^[@bib2]^ As a nonessential element, it exerts toxic effects on multiple organs in mammals and has been classified as a human carcinogen by the International Agency for Research on Cancer.^[@bib3]^ It is now well accepted that Cd can accumulate in many organs, including liver, kidney, pancreas and testis, and adversely affect the functions of these organs.^[@bib4],\ [@bib5],\ [@bib6],\ [@bib7]^ Kidney is a major site for Cd accumulation and the primary target organ of following acute or chronic Cd exposure.^[@bib8]^ The kidney proximal tubule is a major damage site of Cd nephrotoxicity.^[@bib9]^ Hereby, primary rat proximal tubular (rPT) cells were established to elucidate the intracellular levels in this study.

We previously demonstrated that apoptotic death promoted by oxidative stress is the major cell death mechanism of low-level Cd-induced nephrotoxicity in rPT cells.^[@bib10]^ Autophagy is an adaptive response to extracellular and intracellular stress, which is widely accepted as a cytoprotective mechanism to promote cell survival and restore cell homeostasis.^[@bib11],\ [@bib12],\ [@bib13]^ However, our research group recently found that Cd exposure inhibits the autophagic flux in rPT cells, which has a negative impact on Cd nephrotoxicity.^[@bib14],\ [@bib15]^ Likewise, Cd-induced autophagy inhibition is intimately related to oxidative stress.^[@bib14],\ [@bib16]^ Given these obtained results, we speculated that a potent antioxidant agent with antiapoptotic and autophagy-enhancing effects might be useful in the treatment of Cd nephrotoxicity.

Trehalose (Tre), a natural occurring-linked disaccharide widely distributed in non-mammalian species such as fungi, yeast, invertebrates, insects and plants, functions to provide energy sources and protects the integrity of cells against various environmental stresses.^[@bib17]^ Several studies have reported that Tre acts as an antioxidant, which has been proved to be effective against lipid peroxidation.^[@bib18],\ [@bib19],\ [@bib20],\ [@bib21],\ [@bib22],\ [@bib23]^ Furthermore, Tre is a novel mTOR-independent autophagy enhancer. It can activate autophagic flux and prevent the formation of cytoplasmic protein aggregation in cultured cells.^[@bib24]^ Tre has also been demonstrated to protect against apoptosis in an autophagy-dependent manner.^[@bib25],\ [@bib26]^ Despite data that confirmed these properties of Tre, few studies have investigated the protective effect of Tre on Cd-induced nephrotoxicity till now. Hereby, this study was designed to assess whether Tre administration has a protective effect against Cd-induced nephrotoxicity *in vitro*. These results would provide a protective means against environmental Cd-induced renal damage and generate more comprehensive and reliable data for toxicological risk evaluation.

Results
=======

Protective effect of Tre on Cd-induced cellular death in rPT cells
------------------------------------------------------------------

Compared with the control group, cell viabilities showed no significant changes after treating with 0.1--20 mM Tre alone for 12 h (*P*\>0.05), suggesting non-toxic effect of Tre at these doses ([Figure 1](#fig1){ref-type="fig"}). Incubation of rPT cells with 5 mM Tre significantly inhibited 2.5 *μ*M Cd-induced cell death (*P*\<0.05). Thus, 5 mM Tre was chosen to evaluate its protective effect on Cd-induced cytotoxicity. As shown in [Figure 2](#fig2){ref-type="fig"}, morphological analysis by phase contrast microscopy showed decreased cell density, cellular detachment, shrunk and round morphology in Cd-treated cells. However, such morphologic changes were significantly improved in 2.5 *μ*M Cd plus 5 mM Tre group, demonstrating the significant protective effect of Tre on Cd-induced cytotoxicity in rPT cells.

Cd-induced apoptosis is reversed by Tre in rPT cells
----------------------------------------------------

It has been demonstrated that the apoptotic mechanism has a chief role in Cd-induced cellular death in rPT cells.^[@bib10]^ Thus, we next determined whether Tre-mediated cytoprotective effect via inhibiting the apoptosis. First, elevation of apoptosis induced by Cd can be significantly inhibited by coincubation with Tre, measured by two methods ([Figure 3](#fig3){ref-type="fig"}). Consistent with this result, we found that Tre significantly prevented Cd-induced activation of apoptotic markers, that is, cleaved caspase-9, cleaved caspase-3 and cleaved PARP ([Figure 4](#fig4){ref-type="fig"}). However, Tre treatment alone had no effect on apoptosis and protein levels of three apoptotic markers. These data verified that Tre inhibited Cd-induced apoptosis via blocking caspase-dependent apoptotic pathway.

Tre suppresses ROS generation and MDA level in Cd-exposed rPT cells
-------------------------------------------------------------------

The generation of intracellular reactive oxygen species (ROS) level was detected by using the fluorescent probe DCFH-DA. The intracellular ROS production with exposure to 2.5 *μ*M Cd alone for 12 h treatment was elevated ([Figure 5a](#fig5){ref-type="fig"}), whereas cotreatment with 5 mM Tre significantly (*P*\<0.01) reduced the intracellular ROS level. Simultaneously, intracellular malondialdehyde (MDA) level (a common end product of lipid peroxidation) was measured to study the protective effect of Tre on Cd-induced oxidative lesions ([Figure 5b](#fig5){ref-type="fig"}). Cd exposure caused a significant generation of MDA level in rPT cells, compared with the control group, while addition of Tre significantly decreased the Cd-induced intracellular MDA level (*P*\<0.01). Data in [Figure 5](#fig5){ref-type="fig"} clearly indicated that Tre markedly alleviated Cd-induced oxidative stress in rPT cells.

Tre restores the autophagic flux inhibited by Cd in rPT cells
-------------------------------------------------------------

Tre has been characterized as an effective autophagy inducer in various mammalian cells.^[@bib17]^ Our previous study demonstrated that Cd treatment inhibited the autophagic flux in rPT cells.^[@bib14]^ Thus, we designed this study to investigate whether Tre can restore the blockade of autophagic flux in Cd-exposed rPT cells. First, immunoblot analysis of autophagy marker protein p62 and LC3 were applied to monitor the changes in autophagic flux. As shown in [Figures 6](#fig6){ref-type="fig"}, 5 mM Tre treatment alone significantly reduced p62 protein level and increased LC3-II protein level, suggesting that it is a potent autophagy enhancer. Cd exposure markedly enhanced the protein levels of p62 and LC3-II, indicating the inhibition of autophagic flux in rPT cells. However, Cd-induced accumulation of p62 and LC3-II was significantly alleviated by Tre treatment. Simultaneously, we used a valuable tool for examining autophagy flux, the tandem RFP-GFP-LC3 construct. In normal condition, the LC3-II-positive autophagosomes were labeled with yellow (GFP and RFP signals), and after fusion with lysosomes, autolysosomes were shown as red-only puncta (GFP is more rapidly quenched than RFP by low lysosomal pH).^[@bib27]^ Compared with the control group, Tre treatment alone markedly induced the increase of both yellow and red-only puncta, demonstrating its role in autophagy promotion. Yellow puncta were increased with a concomitant decrease in red puncta in Cd-exposed cells, suggesting that autophagosome maturation into autolysosomes is blocked, that is, inhibition of autophagic flux ([Figure 7](#fig7){ref-type="fig"}). Meanwhile, Cd-induced increase in yellow puncta and decrease in red dots was significantly attenuated by cotreatment with 5 mM Tre. Collectively, these data demonstrate that Cd-inhibited autophagic flux can be effectively restored by administration of 5 mM Tre.

Cd-mediated accumulation of autophagosomes is alleviated by Tre treatment
-------------------------------------------------------------------------

There was an increase in the number of autophagosomes in case of the blockage of autophagic flux; moreover, the monitoring of GFP-LC3 puncta in GFP-LC3 transfection cells is a reliable method to assess the accumulation of autophagosomes.^[@bib27]^ As shown in [Figure 8](#fig8){ref-type="fig"}, a significantly increased number of GFP-LC3 puncta was present in Cd-treated cells, demonstrating that Cd-induced blockage of autophagic flux led to the accumulation of autophagosomes. However, Cd-induced autophagosome accumulation was noticeably alleviated by Tre treatment. Moreover, increased numbers of autophagosomes can be associated either with increased autophagosomes synthesis or decreased autophagosomes turnover.^[@bib27]^ Thus, Tre-induced autophagosome accumulation in rPT cells may be due to its elevated autophagosome formation.

Cd-blocked autophagosome--lysosome fusion is relieved by Tre treatment
----------------------------------------------------------------------

Autophagy is a dynamic process during which isolation membranes package substrates to form autophagosomes that are fused with lysosomes to form autolysosomes for degrading internalized cargo.^[@bib28]^ Thus, autophagosome--lysosome fusion is an essential process to maintain functional autophagic flux.^[@bib29]^ LC3 is a marker protein located on the autophagosomal membrane,^[@bib30]^ and LAMP-1 is known to be one of the major protein components of the lysosomal membrane.^[@bib31]^ Thus, the location of autophagosome and lysosome was detected by LC3 and LAMP-1 immunostaining, respectively. By double immunofluorescence staining (colocalization analysis) ([Figure 9](#fig9){ref-type="fig"}), we confirmed that blockage of autophagosome--lysosome fusion occurred in Cd-exposed rPT cells. Treatment with 5 mM Tre alone promoted fusion of autophagosomes to lysosomes in rPT cells, while cotreatment with Tre can significantly relieve the fusion blockage of autophagosomes and lysosomes induced by Cd treatment.

Tre contributes to reacidification of alkalinized lysosomes in Cd-exposed rPT cells
-----------------------------------------------------------------------------------

It is noteworthy that impairment of lysosomal function acts as a key event to connect the blockade of autophagy flux.^[@bib32]^ We then assessed whether the protective effect of Tre against Cd-induced autophagic flux was related to restoration of lysosomal function. Two sensitive lysosomotropic pH probes were applied to monitor changes in lysosomal pH in rPT cells ([Figure 10](#fig10){ref-type="fig"}). First, LysoTracker Red (LTR) manifests red fluorescence in a pH-dependent manner in the lysosome and the increased staining indicates the reduced lysosomal pH.^[@bib33]^ As shown in [Figure 10a](#fig10){ref-type="fig"}, Tre treatment alone enhanced lysosomal acidification (increased LTR staining), while single Cd treatment significantly increased the lysosomal pH (decreased red fluorescence of LTR) compared with the control cells. Meanwhile, Cd-induced lysosomal alkalinization was partly reversed by cotreatment with Tre via its reacidification ability. Second, AO staining presents green fluorescence in the cytosol, but red fluorescence when it is accumulated in the acidic compartments owing to it being highly protonated.^[@bib33]^ Thus, decrease in granular red fluorescence with increase in diffuse green fluorescence implies the elevated lysosomal pH. Data in [Figure 10b](#fig10){ref-type="fig"} further verified that elevation of lysosomal pH in Cd-exposed rPT cells can be effectively reacidated by adding Tre.

Cd-impaired lysosomal degradation capacity is partly recovered by Tre treatment
-------------------------------------------------------------------------------

Lysosomes are critical for protein degradation in the endocytic pathway and its degradation capacity is required to maintain the autophagic flux.^[@bib34]^ Next, we used two methods to analyze the lysosomal degradation capacity in this study. First, DQ-BSA dequenching analysis, a lysosome-specific degradation assay, was chosen for the visualization of lysosomal proteolytic activity.^[@bib35]^ When DQ-BSA is degraded under normal lysosomal conditions, it releases green fluorescence in the lysosome. As shown in [Figure 11a](#fig11){ref-type="fig"}, DQ-BSA was efficiently cleaved during Tre treatment alone, while Cd exposure caused a significant reduction of DQ-BSA-related green fluorescence, confirming that Cd inhibited lysosomal degradation capacity of rPT cells. Likewise, cotreatment with Tre restored the decreased DQ-BSA green fluorescence in Cd-exposed rPT cells. Second, cathepsin B (CTSB) and cathepsin D (CTSD) are the most abundant lysosomal proteases.^[@bib36]^ Thus, intracellular protein levels of CTSB and CTSD in cells treated with Cd and/or Tre were assessed by western blotting analysis ([Figure 11b](#fig11){ref-type="fig"}). Consistently, Cd exposure impaired the maturation of CTSB and CTSD in rPT cells, which was significantly restored by the addition of Tre. Taken together, our data demonstrated that Tre has the ability to restore Cd-inhibited lysosomal degradation capacity in rPT cells.

Discussion
==========

In response to numerous stresses, autophagy is a mechanism to maintain intracellular homeostasis with cytoprotective effects by eliminating and recycling of damaged macromolecules and organelles.^[@bib37]^ Evidence from numerous recent studies corroborate that autophagy has an important renoprotective function in tubular epithelial cells.^[@bib15],\ [@bib38],\ [@bib39],\ [@bib40],\ [@bib41]^ Our research group recently demonstrated that blockade of autophagic flux contributes to Cd-induced cytotoxicity in rPT cells,^[@bib14],\ [@bib15]^ which gives us a hint that a potent autophagy activator may help to alleviate Cd-induced nephrotoxicity. Tre has been described as an autophagy enhancer with antioxidative ability, but there is a lack of investigation on the protective effect of Tre against Cd-induced nephrotoxicity. Herein, the present experiments provide the first insight into the cytoprotective mechanism of Tre against Cd-induced nephrotoxicity *in vitro* via attenuating apoptosis and restoring autophagic flux.

Tre is a non-toxic naturally occurring disaccharide that can be administered safely and orally and has been accepted as a safe food ingredient by the European regulation system following approval by the US Food and Drug Administration.^[@bib20],\ [@bib42]^ Data in [Figure 1](#fig1){ref-type="fig"} verified that Tre is non-toxic to rPT cells. Recent studies have demonstrated that Tre was an effective cryoprotective reagent through preventing apoptosis.^[@bib21],\ [@bib23],\ [@bib25],\ [@bib26]^ It was also proved that Tre-based eye drops is effective in the treatment of severe human dry eye through the suppression of apoptosis.^[@bib43]^ Consistent with these previous results, our data ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}) corroborate the protective effect of Tre against Cd-induced apoptotic death by inhibiting caspase-dependent pathway; however, whether other apoptotic pathways have a part in this process remains to be further clarified.

There is general consensus that oxidative stress contributes to the development of Cd nephrotoxicity. Moreover, oxidative stress has a critical role in the apoptosis of rPT cells during Cd exposure.^[@bib10],\ [@bib44]^ In lower organisms, as well as experimentally in mammals, Tre has been proved to be effective against oxidative stress.^[@bib18],\ [@bib19],\ [@bib21],\ [@bib22]^ Consistent with previous reports, Tre administration greatly alleviated Cd-induced intracellular ROS production and MDA levels (markers of oxidative stress) in rPT cells ([Figure 5](#fig5){ref-type="fig"}). On that basis, we considered that the antioxidant activity of Tre might be responsible for its antiapoptosis effect against Cd-induced cytotoxicity in rPT cells. Furthermore, mounting evidence suggests that oxidative stress and autophagy are intimately connected in kidney health and disease.^[@bib37]^ We also demonstrated that oxidative stress is involved in Cd-induced autophagy inhibition in rPT cells.^[@bib15]^

As Tre possesses the antioxidative and autophagy-enhancing effects, we next investigate the potential role of Tre administration in the course of Cd-induced autophagy status in rPT cells. The term \'autophagic flux\' is used to denote the dynamic process of autophagosome synthesis, delivery of autophagic substrates to the lysosome and degradation of autophagic substrates inside the lysosome, and is a reliable indicator of autophagic activity.^[@bib45]^ Immunoblot analysis of LC3 and p62, two autophagy marker proteins, has been widely used to monitor autophagic flux.^[@bib46]^ It is a consensus that enhanced p62 protein level has been regarded as an indicator for blockage of autophagic flux,^[@bib46],\ [@bib47]^ and the net amount of cytosolic LC3-II is a critical hallmark for monitoring autophagy in mammalian cells.^[@bib46]^ We previously proved that Cd-induced inhibition of autophagic flux results from overall autophagic degradation rather than autophagosome formation.^[@bib15]^ Here, data in [Figure 6](#fig6){ref-type="fig"} showed that Cd-induced impairment of autophagic flux was markedly restored by the addition of Tre. Simultaneously, a more sensitive and dynamic assay, that is, GFP and RFP tandemly tagged LC3 method, was applied to assess the autophagic flux.^[@bib48]^ As shown in [Figure 7](#fig7){ref-type="fig"}, fluorescence color change of RFP-GFP-LC3 and quantitative analysis of autophagosomes (yellow puncta) and autolysosomes (red puncta) give us a solid conclusion that impairment of autophagic flux in Cd-exposed rPT cells was obviously relieved by Tre administration. Resultantly, Cd-induced autophagosomes accumulation was significantly alleviated by the addition of Tre due to its restoration of autophagic flux ([Figure 8](#fig8){ref-type="fig"}). It has been shown that excessive autophagosome accumulation may induce apoptotic cell death via the intrinsic apoptotic pathway,^[@bib49],\ [@bib50],\ [@bib51]^ which accounts for the interplay between autophagy and apoptosis.

Fusion of autophagosomes with lysosomes to form autolysosome constitutes the second stage of autophagic flux, which is critical for the maturation of autolysosomes and degradation of autophagosome.^[@bib52]^ Impairment of autophagosome--lysosome fusion leads to the accumulation of autophagosomes.^[@bib53]^ In this study, Tre administration obviously promoted the formation of autolysosomes ([Figure 7](#fig7){ref-type="fig"}) and restored the impairment of autophagosome--lysosome fusion ([Figure 9](#fig9){ref-type="fig"}) in Cd-exposed cells, convincingly demonstrating the restoration effect of Tre on impaired autophagic flux by acting on the process of autophagosome--lysosome fusion.

Another mechanism for impairment of autophagic flux is lysosomal dysfunction. The lysosome is the only way to degrade autophagic cargos, thus defective lysosomal function can cause the impairment of autophagic flux.^[@bib15],\ [@bib54],\ [@bib55]^ One unique feature of lysosome is its highly acidic pH (4.5--5.0) that provides an optimal condition for its hydrolytic enzymes to perform their catalytic function.^[@bib52]^ Here, we attempt to determine the possibility that alleviation of Cd-induced autophagosome accumulation by Tre is related to changes in lysosomal pH. In this study, Cd-induced lysosomal alkalinization in rPT cells was obviously alleviated by cotreatment with 5 mM Tre ([Figure 10](#fig10){ref-type="fig"}), demonstrating that Tre has the potential to restore Cd-induced autophagy inhibition via regulating lysosomal pH. Furthermore, it is known that lysosomal proteolytic activity is dependent on acidic pH, which prompted us to further ascertain the role of lysosomal proteolytic capacity in the process of Tre against Cd-induced autophagy inhibition in rPT cells. We did find that Cd inhibited lysosome-specific degradation capacity of rPT cells by DQ-BSA dequenching analysis, which was effectively relieved by cotreatment with Tre ([Figure 11a](#fig11){ref-type="fig"}). Cathepsins are the major lysosomal proteases involved in autophagic degradation, wherein CTSB and CTSD are two abundant lysosomal proteases.^[@bib56],\ [@bib57]^ As the maturation (activation) of cathepsin proteases requires acidification, the altered pH ultimately resulted in greatly decreased protein degradation.^[@bib58]^ As shown in [Figure 11b](#fig11){ref-type="fig"}, Cd impaired the maturation of CTSB and CTSD in rPT cells, which was markedly restored by cotreatment with Tre. Given these results, it can be concluded that Tre restored the impaired autophagic flux in Cd-treated rPT cells partly by enhancing lysosomal function. Moreover, the potential use of Tre in clinical treatment is an interesting issue. Mounting evidence has shown that Tre treatment has important neuroprotective effects in animal models of Alzheimer disease, amyotrophic lateral sclerosis, Parkinson disease due to its antiapoptotic effect and autophagic clearance of abnormal protein aggregates.^[@bib24],\ [@bib59],\ [@bib60],\ [@bib61]^ However, to date, Tre treatment has not entered into clinical use.

In summary, the possible protective mechanism of Tre against Cd-induced cell death in rPT cells via inhibition of apoptosis and restoration of autophagy inhibition is expounded ([Figure 12](#fig12){ref-type="fig"}). First, Tre treatment blocks Cd-induced apoptosis by inactivating the caspase-dependent apoptotic pathway. Second, Cd-induced inhibition of autophagosome--lysosome fusion and impairment of lysosomal function (lysosomal alkalinization and decreased lysosomal degradation capacity) results in autophagy inhibition in rPT cells, which can be significantly restored by Tre administration. Particularly, Tre alleviates Cd-mediated oxidative stress, which is intimately correlated with its antiapoptosis and autophagy-enhancing effects. These findings will provide us an effective protective agent against Cd-induced nephrotoxicity.

Materials and methods
=====================

Chemicals and antibodies
------------------------

All chemicals available were of highest grade purity. Cd acetate (CdAc~2~), [d]{.smallcaps}-(+)-Tre dehydrate (Tre, T0167), 4′,6-diamidine-2′-phenylindole dihydrochloride (DAPI), acridine orange (AO, A6014), propidium iodide and DMEM-F~12~ (1 : 1) medium were purchased from Sigma-Aldrich (Carlsbad, CA, USA). ROS assay kit (containing positive control and dichlorofluorescin diacetate (DCFH-DA), S0033) and Enhanced Cell Counting Kit-8 (CCK-8, C0042) were from Beyotime Biotechnology (Haimen, China). MDA Assay Kit and Annexin V Apoptosis Detection Kit were obtained from Keygen Biotech Co. Ltd (Nanjing, Jiangsu, China). LysoTracker Deep Red (LTR) (L12492), self-quenched bodipy-conjugated BSA (DQ-BSA-Green) (D-12050) and Lipofectamine 3000 Transfection Reagent (L3000015) were purchased from Invitrogen (Rockford, IL, USA). BCA Protein Assay Kit and Enhanced Chemiluminescence (ECL) Kit were obtained from Thermo Fisher Scientific Pierce (Rockford, IL, USA). The following primary antibodies were used: anti-p62/SQSTM1 (P0067), anti-LC3B (L7543), *α*-tubulin (T6199) and anti-*β*-actin (Sigma, St. Louis, MO, USA; A5441) were purchased from Sigma. Cleaved caspase-3 (9661), cleaved caspase-9 (9507) and cleaved PARP (9545) were obtained from Cell Signaling Technology (Danvers, MA, USA). LAMP-1 (sc-20011), anti-CTSB (sc-13985) and anti-CTSD (sc-6486) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Secondary antibodies for western blotting analysis were conjugated to horseradish peroxidase (Jackson Immuno Research, West Grove, PA, USA; 705-505-303 and 111-006-062). Alexa Fluor 488-conjugated donkey anti-rabbit (ab150073) and Alexa Fluor 555-conjugated goat anti-mouse (ab150114) secondary antibodies were purchased from Abcam (Cambridge Science Park, Cambridge, UK).

Cell isolation, culture and treatment
-------------------------------------

All procedures followed the ethics guidelines and were approved by the Animal Care and Use Committee of Shandong Agricultural University. Isolation, identification and culture of Sprague--Dawley rPT cells were as described previously.^[@bib62]^ Based on the doses of Cd in our previous study,^[@bib10]^ 2.5 *μ*M Cd was applied in this study. As for the optimal concentration of Tre chosen for this experiment, cells were treated with a range of Tre concentrations (0, 0.1, 0.5, 1, 5, 10 and 20 mM) and/or 2.5 *μ*M Cd for 12 h ([Figure 1](#fig1){ref-type="fig"}), and cell viabilities were tested using CCK-8 assay. The stock solution of CdAc~2~ and Tre were dissolved in sterile ultrapure water. Based on an initial screening, cell cultures undergoing exponential growth were incubated with 5 mM Tre and/or 2.5 *μ*M Cd for 12 h. After 12 h treatment, cell culture photos were taken under phase-control microscopy (Olympus, Tokyo, Japan) to check cell morphology.

Cell viability assay (CCK-8 assay)
----------------------------------

CCK-8 is a one-bottle solution, which contains water-soluble tetrazolium salt. It can reduce the dehydrogenase in the mitochondria to water-soluble formazan dyes. The absorbance of these formazan dyes at 450 nm is proportional to the number of viable cells in the medium. In this study, cells were seeded at a density of 1 × 10^4^ in 96-well plates. After the preprocessing, cells were treated with a series of Cd and/or Tre doses for 12 h to assess the cytoprotective effect of Tre on cell survival. After 12 h treatment, cell viability assays were performed using CCK-8, according to the manufacturer\'s instructions. The absorbance was read at 450 nm by the microplate reader (Sunrise, Salzburg, Austria).

Assessment of apoptosis by morphological changes and flow cytometry
-------------------------------------------------------------------

Cells were coincubated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h to assess the effect of Tre on Cd-induced apoptosis. Apoptosis is characterized morphologically by condensation and fragmentation of nuclei. Thus, DAPI staining was firstly applied to assess the morphological changes of treated cells, and 200 cells were randomly selected to count those apoptotic cells within every batch of experiment, each one performed in triplicate. Another concern is the quantitative analysis of apoptosis by flow cytometry. Both of these two methods have been extensively described in our previous study.^[@bib63]^

Measurement of lipid peroxidation biomarkers
--------------------------------------------

ROS and MDA, two biomarkers of lipid peroxidation, were chosen to assess the protective effect of Tre on Cd-induced oxidative stress in rPT cells. After the designated treatments, 1.5 × 10^6^ harvested cells per ml was incubated with 100 *μ*M DCFH-DA for 30 min in dark at 37 °C. The incubated cells were harvested, suspended in PBS and ROS generation was measured by the fluorescence intensity (FL-1, 530 nm) of 10 000 cells on flow cytometer. Also, the harvested cells were lyzed in ice-cold physiological saline by sonication followed by centrifugation at 15 000 × *g* for 5 min at 4 °C. The resulting supernatants were used immediately for measuring the MDA level. The quantification of MDA was based on measuring formation of thiobarbituric acid reactive substances according to the manufacturer's protocol. The reaction mixture was incubated at 95 °C for 40 min. After cooling, the chromogen was read spectrophotometrically at 532 nm and the MDA level was expressed in nmol/mg protein.

Western blotting analysis
-------------------------

After treatment with Cd and/or Tre for 12 h, cells were collected, lysed in ice-cold RIPA buffer supplemented with protease inhibitor (Merck Millipore, Darmstadt, Germany) to prepare the total cell lysates. After protein quantification with BCA method, samples were subjected to SDS-PAGE gels and transferred to PVDF membranes. After blocking with 5% skim milk for 1 h at room temperature, membranes were incubated overnight at 4 °C with the following primary antibodies: p62 (diluted 1 : 1000), LC3B (diluted 1 : 1000), cleaved caspase-9 (diluted 1 : 1000), cleaved caspase-3 (diluted 1 : 1000), cleaved PARP (diluted 1 : 1000), CTSB (diluted 1 : 150), CTSD (diluted 1 : 150), *α*-tubulin (diluted 1 : 1000) and *β*-actin (diluted 1 :  5000). After several washes with TBST, the membranes were incubated with appropriate secondary antibodies (1 : 5000 dilution) for 50 min at room temperature. Finally, each protein was detected on a Chemidoc XRS (Bio-Rad, Marnes-La-Coquette, France) by using the ECL Kit/Thermo Fisher (Rockford, IL, USA). Proteins levels were determined by computer-assisted densitometric analysis (Densitometer, GS-800, Bio-Rad Quantity One, Marnes-La-Coquette, France). The density of each band was normalized to its respective loading control (*β*-actin or *α*-tubulin). Data obtained were expressed as the ratio of intensity of the protein in chemical-treated cells to that of the corresponding protein in control cells. Each test was performed in four experiments with different batches of cells.

Plasmids and transient transfection
-----------------------------------

RFP-GFP-LC3 and GFP-LC3 plasmids were kind gifts of Dr. Xiao-Ming Yin (Department of Pathology and Laboratory Medicine, Indiana University School of Medicine, Indianapolis, IN, USA). Cultures of rPT cells at 60 to 80% confluence were transiently transfected with empty vector, RFP-GFP-LC3 or GFP-LC3 plasmids using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer\'s protocol. After the indicated treatments, cells were fixed with 4% paraformaldehyde for 8 min at room temperature, and then visualized by the confocal microscope (TCS SPE; Leica, Mannheim, Germany). Representative cells were selected and photographed. The number of puncta per cell was quantified using the \'analyze particles; function of ImageJ under identical threshold conditions.

Immunofluorescence staining
---------------------------

Cells were seeded on sterile coverslips placed in 24-well plates. After incubating with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h, cells were fixed with 4% paraformaldehyde for 8 min, permeabilized with 0.1% Triton X-100 in PBS for 15 min and blocked with 2% bovine serum albumin in PBS for 1 h at room temperature. Slides were first stained with anti-LC3 antibody (1 : 150 diluted in PBS) at 4 °C overnight. After washing the cells with PBS, cells were incubated with Alexa Fluor 488-conjugated donkey anti-rabbit secondary antibody (1 : 600 diluted in PBS) for 1 h at room temperature and washed with PBS again. Subsequently, cells were stained with anti-LAMP-1 antibody (1 : 80 diluted in PBS) at 4 °C overnight, washed with PBS again and incubated with Alexa Fluor 555-conjugated goat anti-mouse secondary antibody (1 : 500 diluted in PBS) for 1 h at room temperature. Nuclei were stained with DAPI (blue). Finally, all slides were mounted with ProLong Gold Antifade Mountant. Images were conducted on the Leica TCS SPE confocal microscope with a × 63 (1.3 numerical aperture) oil-immersion objective. Images for colocalization analysis (percentage of protein--protein colocalization) were assessed using the JaCoP plugin in ImageJ after thresholding of individual frames.^[@bib64]^ All colocalization calculations were performed on three independent experiments with 50 cells per condition in each experiment. Images were prepared for presentation using Adobe Photoshop 6.0 (San Jose, CA, USA).

AO staining and LTR staining
----------------------------

AO staining and LTR staining were applied to assess the functional state of lysosomes in this study. After treatment with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h, cells grown on coverslips were loaded with 5 *μ*g/ml AO at 37 °C for 30 min, rinsed two times with warm (37 °C) PBS and examined under confocal laser-scanning microscope (TCS SPE; Leica, Germany) with excitation at 488 nm. Green fluorescence (emission peak between 530 and 550 nm) and red fluorescence (emission peak at about 650 nm) were simultaneously collected by two separate windows. Meanwhile, cells were incubated with 100 nM LTR (diluted in DMEM-F~12~ medium) for 30 min under ideal growth conditions (37 °C, 5% CO~2~) to label the lysosomes. Then, slides were rapidly washed with warm PBS (37 °C) for three times, mounted as described above and observed under a laser-scanning confocal microscope (TCS SPE; Leica).

Analysis of lysosomal degradation capacity
------------------------------------------

DQ-BSA-Green was used to determine the lysosomal degradation capacity. Cells grown on coverslips in 24-well plates were incubated with 10 *μ*g/ml of DQ-BSA-Green for 12 h (37 °C, 5% CO~2~), washed two times with PBS to remove excess probe and refreshed the medium. Then, cells were treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h. After the treatment, slides were mounted and observed under a laser-scanning confocal microscope with excitation set at 488 nm. Degradation capacity was measured by the green fluorescence signal released due to the degradation of DQ-BSA-Green.

Data presentation
-----------------

Experiments were performed at least three times with similar results. Data are presented as the mean±S.E.M. of the indicated number of replicates. Statistical comparisons were made using one-way analysis of variance (ANOVA) (Scheffe's *F* test) after ascertaining the homogeneity of variance between the treatments, and *P*\<0.05 was regarded as significant.
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![Effects of Cd and/or Tre on cell viabilities in rPT cells after 12 h treatment. Cells were incubated with a range of Tre concentrations (0, 0.1, 0.5, 1, 5, 10 and 20 mM) and/or 2.5 *μ*M Cd for 12 h to determine the cell survival. These two diverse colors were represented to point out which cells were treated with 2.5 *μ*M CdAc~2~ (black) and which were not (white). Bars with different superscripts are statistically different (*P*\<0.05)](cddis2017475f1){#fig1}

![Effects of Cd and/or Tre on morphological changes in rPT cells observed under phase contrast microscope. Representative images, scale bar: 100 *μ*m](cddis2017475f2){#fig2}

![Effect of Tre on Cd-induced apoptosis in rPT cells. (**a** and **b**) Cells grown on coverslips were coincubated with 2.5 *μ*M Cd and 5 mM Tre for 12 h, and nuclear chromatin changes (apoptosis) were assessed by DAPI staining. Changes of nuclei fragmentation with condensed chromatin are evident (thin arrows). Representative morphological changes of apoptosis are present in (**a**), and its statistical result of apoptotic rates (**b**) are expressed as mean±S.E.M. (*n*=9). (**c** and **d**) Cells were treated with Cd and/or Tre for 12 h to assess the apoptosis using flow cytometry. Representative dot plots of Annexin V-PI staining are present in (**c**), and its statistical result of apoptotic rates (**d**) are expressed as mean±S.E.M. (*n*=9). NS, not significant; \*\**P*\<0.01](cddis2017475f3){#fig3}

![Effects of Cd and/or Tre on protein levels of apoptotic markers in rPT cells. Cells were treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h to analyze the protein levels of cleaved caspase-9 (**a**), cleaved caspase-3 (**b**) and cleaved PARP (**c**) using western blot analysis. Upper panel representative western blot image; lower panel quantitative analysis (mean±S.E.M., *n*=4). NS, not significant; \*\**P*\<0.01](cddis2017475f4){#fig4}

![Effects of Cd and/or Tre on generation of ROS and intracellular MDA levels in rPT cells. Cells were treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h. Then, the cells were collected. (**a**) The harvested cells were incubated with 100 *μ*M DCFH-DA for 30 min at 37 °C. DCF fluorescence was measured using flow cytometer with FL-1 filter. Fluorescence results were expressed as mean fluorescence. Each bar represents mean±S.E.M. (*n*=6). (**b**) The harvested cells were used to detect the MDA levels using a commercial kit. Data are expressed as mean±S.E.M. (*n*=6). NS, not significant; \*\**P*\<0.01](cddis2017475f5){#fig5}

![Effects of Cd and/or Tre on protein levels of p62 and LC3 in rPT cells. Cells were treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h to assess the protein levels of p62 (**a**) and LC3 (**b**). Upper panel representative western blot image; lower panel quantitative analysis (mean±S.E.M., *n*=4). \*\**P*\<0.01](cddis2017475f6){#fig6}

![Effects of Cd and/or Tre on autophagic flux in rPT cells. Cells grown on coverslips were transfected with RFP-GFP-LC3 plasmid for 36 h, and then treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h. (**a**) Representative confocal images of different treatments as indicated. (**b**) The number of yellow puncta (autophagosomes) and the number of red puncta (autolysosomes) in the merged images were counted and the total number of puncta per cell was calculated as percentage. Data are presented as mean±S.E.M., *n*=3 independent experiments; \**P*\<0.05; \*\**P*\<0.01](cddis2017475f7){#fig7}

![Tre alleviated Cd-induced autophagosome accumulation in rPT cells. Cells grown on coverslips were transfected with GFP-LC3 plasmid for 36 h, and then treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h. The formation of GFP-LC3 puncta was observed under the confocal microscope and the number of GFP-LC3 puncta per cell was quantified. (**a**) Representative photomicrographs of confocal microscopy. (**b**) Quantitation of GFP-LC3 puncta was performed by counting 50 cells per condition from three independent experiments, and average numbers of puncta per cell are shown (mean±S.E.M.). \*\**P*\<0.01](cddis2017475f8){#fig8}

![Tre restored Cd-inhibited autophagosome--lysosome fusion in rPT cells. Cells grown on coverslips were treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h, and then successively stained with LC3 (green), LAMP-1 (red) and DAPI (blue). Colocalization of LC3 and LAMP-1 was assessed by confocal microscopy. (**A**) Representative confocal images showing colocalization of LC3 with LAMP-1. Higher magnification images of the outlined area are shown on the bottom. (**b**) Percent of colocalization of LC3 with LAMP-1. Data are represented as mean±S.E.M. of three independent experiments with 50 cells per condition in each experiment. \**P*\<0.05; \*\**P*\<0.01](cddis2017475f9){#fig9}

![Effects of Cd and/or Tre on lysosomal acidity in rPT cells. Cells grown on coverslips were treated with 2.5 *μ*M Cd and/or 5 mM Tre, followed by staining with 100 nM LTR (**a**) or 5 *μ*g/ml AO (**b**) at 37 °C for 30 min. Slides were viewed using a scanning confocal microscope and representative confocal images were shown](cddis2017475f10){#fig10}

![Effects of Cd and/or Tre on lysosomal proteolytic activity in rPT cells. (**a**) Cells grown on coverslips were preincubated with 10 *μ*g/ml DQ-BSA green for 12 h, and then refreshed the medium and treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h to evaluate the lysosomal degradation capacity using confocal microscopy. (**b**) Cells were treated with 2.5 *μ*M Cd and/or 5 mM Tre for 12 h, and then protein levels of CTSB and CTSD were assessed by western blot analysis. Upper panel representative western blot image; lower panel quantitative analysis of protein levels (mean±S.E.M., *n*=4). \**P*\<0.05; \*\**P*\<0.01](cddis2017475f11){#fig11}

![Graphical diagram representing the protective mechanism of Tre against Cd-induced cell death in rPT cells](cddis2017475f12){#fig12}
